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Abstract: We use the COVID-19 pandemic period in 2020 as an exogenous shock event to assess
in how far climate risks measured by carbon exposure have entered and established themselves
in the valuation of global stocks. In addition to descriptive analyses, we conduct cross-sectional
panel regressions to assess the influence of carbon intensity levels on return and risk characteristics
during and after the shock period. Furthermore, a difference-in-differences model setup allows us
to infer whether these influences were significantly different when comparing pre-shock, shock,
and post-shock periods. We find that carbon intensity affected returns significantly and negatively
during a time of high uncertainty. In fact, high-emitting stocks suffered significantly more compared
to the pre-crisis period. However, they could make up for their additional losses in the recovery
period. In line with their high-risk exposure towards stranded assets and climate policy uncertainty,
carbon-intensive stocks face higher risk levels in more stable economic times, thus justifying a
carbon premium.
Keywords: climate risk; COVID-19; investment decisions; equity returns
JEL Classification: G01; G11; G12; Q54
1. Introduction
Making decisions under uncertainty is one of the indispensable tasks of financial
market participants. Dealing with uncertainty involves the proper management of risk. In
recent times, investors have had to learn how to cope with a new impending risk source:
climate change. Environmental-related risks such as extreme weather events, climate action
failure, and human-made environmental damage rank among the top risks by likelihood
and impact in the World Economic Forum’s Global Risks Report 2021 [1]. Apart from physi-
cal risks, technological innovations and climate policy measures targeted towards reaching
a low-carbon economy may result in stranded assets [2]. Governments worldwide are
committed towards combatting climate change by reducing carbon emissions (see, e.g., the
Paris Agreement of 2015) and clients increasingly demand sustainable investments [3].
Hence, climate risks have evolved as real investment risks for financial assets with an
expected reallocation of capital towards sustainable investments [4,5].
Even though investors recognize that climate risks have financial impacts on their
portfolios, the financial industry still has to elaborate on how to incorporate these risks in
their investment practices [5]. When one trusts in the reliability of the financial market,
asset prices should mirror all available information [6]. Therefore, a re-evaluation of assets
is essential for managing climate risks. Based on a fundamental stock analysis, the value
of carbon-intensive stocks should be impacted by their high exposure towards stranded
assets, technological changes, and potential carbon emission mitigation plans such as
carbon pricing or carbon taxes [7–10].
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Financial market participants drastically revise their expectations on how to evaluate
assets when extreme situations occur. Such re-evaluations eventually become apparent
in a consequential fall or rise in asset prices. The economic downturn at the beginning
of the COVID-19 pandemic in early 2020 constitutes such an extreme tail-risk event that
has induced investors to a re-evaluation of their holdings leading to a dramatic drop in
stock market values worldwide (e.g., [11–14]). We use this exogenous shock to assess
how far carbon emissions have entered the valuation process of equity prices. Such an
exogenous shock that has arisen unexpectedly allows us to analyze investors’ preferences
towards carbon-related characteristics while holding carbon intensity levels constant. Since
the awareness of climate risk has intensified in recent years, we are now at a point in
time where there are sufficient and adequate data to test implications for stock analyses.
An unexpected shock, and especially the incomparable COVID-19 event, either makes
investors lose sight of their environmental awareness or confirm their commitment. The
recent pandemic thus provides a first opportunity to derive implications of the integration
of climate-related aspects on the stock valuation process. In this way, we gain deeper
insights into how carbon intensity establishes itself as a fundamental characteristic in stock
analysis during and after a period of heightened uncertainty and fear.
In the literature, the role of carbon emissions in stock valuation is studied in different
setups. Matsumura, Prakash, and Vera-Munõz [15] find a negative relation between
carbon emissions and firm value and an additional penalty for nondisclosure of emissions.
Chava [16] finds that firms with climate change concerns have to bear higher costs of equity
capital and debt capital. In contrast, Delmas, Nairn-Birch, and Lim [17] and Busch et al. [18]
both come to the conclusion that higher carbon emissions increase at least short-term
performance while disagreeing on their impact on long-term performance. Recent studies
focus on a risk premium for holding emissions-intensive stocks. Hsu, Li, and Tsou [19]
attribute the existence of a pollution premium to environmental policy uncertainty. Bolton
and Kacperczyk [7] find a carbon premium that is related to the level of and to changes in
carbon emissions. The existence of a carbon premium is consistent with the notion that
carbon-intensive stocks face higher tail risks associated with climate policy uncertainty [20].
Furthermore, theoretical studies indicate that carbon-intensive assets underperform in
response to unexpected positive changes in environmental preferences, even when in
equilibrium they should outperform the market [21,22].
Studies on the relationship between stock characteristics, returns, and resilience dur-
ing crisis periods constitute another relevant strand of literature for our study. For example,
Duchin, Ozbas, and Sensoy [23] find that low cash reserves and high net short-term debt
led to a greater decline of corporate investment during the Global Financial Crisis (GFC).
For the COVID-19 period, markets valued firms lower when they were more exposed to in-
ternational trade, higher corporate debt, and lower cash holdings [24]. Shields, El Zein, and
Brunet [25] show that sustainable stocks have lower volatility than less sustainable stocks
during the COVID-19 period using a GARCH framework. In addition, socially respon-
sible and sustainable stocks measured by environmental, social, and governance criteria
(ESG) have turned out to provide more resilience during the GFC [26] and the COVID-19
shock [27,28]. Other shocks, such as the global climate strike or U.S. elections, lead to a
change in firm valuations due to increased public interest, uncertainty in expectations
of regulation, and the devaluation of longer-term earnings forecasts for carbon-intensive
firms [29,30].
The reasons why markets and investors impose higher valuations on more sustain-
able stocks during crisis periods are manifold. Investors have higher trust in sustain-
able firms [26], are more patient, i.e., more loyal [28,31], perceive sustainability as a
necessity rather than a luxury good [32], and have higher preferences for sustainable
funds [33,34]. Additionally, studies prove the risk mitigation potential of sustainable stock
traits (e.g., [35–37]).
This study analyzes how climate risk enters the re-evaluation considerations of in-
vestors in times of high uncertainty and beyond. Climate risk exposure is best approx-
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imated by carbon emissions since they constitute the target measure of climate policies
and political agreements. Following the recommendation guidelines of the Task Force on
Climate-Related Financial Disclosures [38] and thus the industry standard in disclosing
carbon information for investors, we use carbon intensity as our measure of interest. Our
study is most closely related to Wan et al. [39] and Mukanjari and Sterner [40]. The former
compares Chinese fossil fuel and clean energy firms during the COVID-19 period, whereas
the latter assesses European stock performance during the crisis period based on carbon
intensities. Instead of constraining our study to a certain region, we employ a global stock
sample. Moreover, to the best of our knowledge, we are the first to address post-crisis
implications, i.e., we investigate how investors incorporate carbon characteristics in their
valuations in more stable times following the initial COVID-19 shock period.
A first descriptive analysis demonstrates that high-emitting stocks had significantly
lower returns and higher traditional risk measures than low-emitting stocks during the
COVID-19 period. In cross-sectional regressions, we find that carbon intensity indeed
influenced cumulative returns and abnormal returns negatively during the crisis period.
This impact strengthens the higher a stock’s carbon intensity level. To infer whether the
effect is unique to the crisis period and not common to the previous, rather calm economic
time, we conduct difference-in-differences regressions on daily return measures. We
confirm that high emitters experienced a significantly lower financial performance during
the COVID-19 period compared to the pre-crisis period. Hence, investors rather shunned
these stocks in times of high economic uncertainty and drove returns of carbon-intensive
stocks down. In the post-COVID-19 period, however, high emitters achieved a significantly
higher performance than in the pre-crisis period, thus allowing them to make up for some
of their additional losses incurred during the crisis period compared to low emitters.
Cross-sectional regressions with volatility and idiosyncratic volatility as dependent
variables show that carbon intensity had no significant impact on risk during the crisis
period. The major drivers of risk in this period were other firm characteristics such as debt,
profitability, and historical volatility. However, high emitters turned out to be significantly
riskier relative to low emitters. Eventually, for the post-COVID-19 period, the effect of
carbon intensity on volatility turned significantly positive. Increasing risk for carbon-
intensive stocks is in line with their higher risk exposure towards stranded assets and
climate policy regulation targeted at reducing carbon emissions. Moreover, discussions
on combining monetary economic stimulus packages with climate change targets might
have magnified risk exposures for carbon-based assets. Apart from that, our results in
the post-crisis period, i.e., higher risk exposure and higher returns for carbon-intensive
stocks, are in line with discussions about the existence of a carbon premium in the financial
market [7].
In summary, carbon-intensive stocks had to suffer from lower returns during the
unexpected COVID-19 period and displayed higher risk exposures afterwards. Our results
emphasize the importance of fully incorporating climate risks in stock valuation practices
as an essential driver of unexpectedly changing future cash flows and discount rates.
Climate risks constitute an unavoidable risk source and thus have to be part of sound
risk management strategies. Our analyses point to the fact that market participants have
already shunned carbon-intensive stocks during the COVID-19 shock period driving their
returns downward. In addition, increased societal and political interest in a green economic
development—exemplified by green recovery packages—impose an ever higher risk bur-
den on carbon-based stocks. Overall, this study supports financial market participants in
deriving more profound forecasts and stock recommendations, constructing more resilient
portfolios, and eventually avoiding excessive risk-taking due to an unidentified risk source.
2. Data Description
For our empirical analyses, we use a global stock sample based on stocks of the
MSCI All Countries World Investable Market Index (ACWI IMI). We obtain scope 1 and
scope 2 carbon emissions data from three sources: CDP, Refinitiv, and Sustainalytics. Since
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reporting of carbon emission levels is not mandatory yet, we have to face limited data
availability. To overcome this shortcoming, we enlarge our data sample by combining
the aforementioned databases. If no CDP emissions are available for a stock, the data
point is filled by Refinitiv and eventually Sustainalytics. In our analyses, we use carbon
intensity defined as the sum of scope 1 and 2 emissions divided by a firm’s net sales.
This is a standard approach for measuring carbon intensity in research [7] and finance
practice [38]. Emissions data refer to 2019 yearly values. Thus, we use the information on
carbon intensity that was available in the markets for investors before the exogenous shock
hit. Usually, data on emissions are reported on an annual basis. Thus, 2019 carbon intensity
levels were the most recent information available to investors during and beyond the
COVID-19 crisis period. In this way, we can analyze investor preferences over time without
the impact of changing carbon intensity levels of firms. To distinguish between high and
low carbon-intensive stocks more rigidly, we label all stocks with a carbon intensity higher
than the 75th percentile as “high emitters” and the remaining stocks as “low emitters”.
We obtain daily return data from Refinitiv Datastream for the years 2019 and 2020.
Furthermore, we extract December 2019 accounting data known to influence returns, i.e.,
size measured by the logarithm of market capitalization, total debt over total assets, cash
holdings over total assets, the leverage ratio, return on equity as profitability measure,
expenses for selling, general and administrative functions (SGAE), the dividends ratio,
and the book value of equity for calculating the book-to-market ratio. We additionally
define historical volatility as a stock’s daily return volatility during the year 2019. Our key
variables are defined as follows. Apart from daily raw excess returns, we calculate abnormal
daily returns as the difference between raw excess returns and CAPM-adjusted excess
returns. Both for the COVID-19 and post-COVID-19 periods, we compute cumulative
returns and cumulative abnormal returns. In addition, return volatility and idiosyncratic
volatility (defined as abnormal return volatility) during each period serve as risk measures.
Overall, with these definitions, we follow prior studies such as Ramelli and Wagner [24],
Albuquerque et al. [28], and Lins et al. [26].
Descriptive statistics of all variables used in this article are summarized in Table 1. In
total, we obtain carbon intensity data for 3247 stocks. At the intersection of all relevant
data points for our baseline analyses, we are left with 2589 global stocks.
In order to obtain clear-cut results for the impact of the COVID-19 pandemic, we
define a more intensive crisis period for COVID-19 from 24 February until 31 March 2020
in line with previous papers (the start of the “fever period” in Ramelli and Wagner [24] and
the “COVID-19 event date” in Albuquerque et al. [28]). The subsequent period from 1 April
2020 until the end of the year is defined as the post-COVID-19 or post-crisis period. Even
though the COVID-19 pandemic still defines our daily lives one year after the global out-
break, stock markets recovered fairly well from April 2020 on. We explain this circumstance
by the fact that the first outbreak and the following lockdowns in February 2020 have been
surprising and until then unique in nature. Hence, they constituted an unforeseen shock
event. After that, further waves and consequential lockdowns have been expected and
propagated by health experts and economists. Stock analysts thus had the possibility to
take potential impacts on financial assets into account in their valuation processes. In fact,
we did not observe another severe market downturn following March 2020.
As a first motivation for our study, we have a look at the stock market performance
and the performance of the high-emitter (brown) and low-emitter (green) portfolio during
2020 in Figure 1. For the stock market, we take the MSCI ACWI IMI as a basis and report
both equal- and value-weighted brown and green portfolios.
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Table 1. Descriptive statistics.
Variable N Mean SD P25 Median P75
Carbon Intensity 3247 0.3374 1.3581 0.0088 0.0371 0.2025
Cum. Ret. COVID-19 3234 −0.2789 0.1536 −0.3830 −0.2697 −0.1678
Cum. Ret. post-COVID-19 3230 0.6401 0.5086 0.2554 0.5291 0.8811
Cum. AR COVID-19 3245 −0.1127 0.1859 −0.2393 −0.1114 0.0207
Cum. AR post-COVID-19 3230 0.1626 0.4123 −0.1292 0.0653 0.3615
Volatility COVID-19 3245 0.0584 0.0208 0.0424 0.0549 0.0703
Volatility post-COVID-19 3245 0.0493 0.0178 0.0361 0.0453 0.0587
Idio. Volatility COVID-19 3230 0.0276 0.0093 0.0206 0.0258 0.0326
Idio. Volatility post-COVID-19 3230 0.0255 0.0089 0.0188 0.0238 0.0300
Size 2977 15.5062 1.3882 14.4591 15.4784 16.5134
Debt 2916 0.2837 0.1656 0.1506 0.2783 0.4046
Profitability 2862 0.1093 0.1105 0.0473 0.1005 0.1625
Cash Intensity 2724 0.0860 0.0729 0.0283 0.0653 0.1238
SGAE Intensity 3247 0.0921 0.1077 0.0000 0.0487 0.1492
Historical Volatility 3247 0.0184 0.0059 0.0137 0.0175 0.0222
Dividends 3247 0.7989 1.3879 0.0193 0.0653 0.8850
BTM 3180 0.6905 0.4949 0.3003 0.5780 0.9524
Daily Return 826,568 0.0538 3.2432 −1.3899 0.0118 1.4601
Daily Abnormal Return 826,568 −0.0030 2.8618 −1.3690 −0.0678 1.2658
This table provides descriptive statistics of all variables used in this study. The (abnormal) cumulative return and (idiosyncratic) volatility
are given for each respective period. Carbon intensity is defined as the sum of scope 1 and 2 emissions over net sales. Control variables
are defined as follows: size is measured as the natural logarithm of the market capitalization. Debt represents total debt over total assets.
Profitability is measured by the return on equity calculated as net income less preferred dividend requirements over the average of last
year’s and current year’s common equity. Cash intensity represents cash holdings over total assets. SGAE intensity represents the expenses
for selling, general, and administrative functions over total assets. The historical volatility is the daily return volatility of a firm during 2019.
Dividends are measured as a ratio to the stock price. The book-to-market ratio (BTM) is calculated as a firm’s book value over its market
value. Daily (abnormal) return is given in percent.
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Figure 1. Stock performance during the year 2020. This figure plots the development of the MSCI ACWI IMI and four stock
portfolios from 1 January 2020 to 31 December 2020. The brown and green colors indicate portfolios consisting of the high-
and low-emitting firms, respectively. The vertical lines enclose the COVID-19 period as defined in the text.
Sustainability 2021, 13, 12182 6 of 17
In line with the overall market, the decline in the portfolio performance was limited to
the COVID-19 period from 24 February to 31 March. After that, both portfolios recovered
from this shock. Moreover, the high emitters (brown portfolio) declined more in the crisis
period, but were able to recover their additionally incurred loss in the course of the year
compared to the green portfolio. The aim of this study is to elaborate on this observation
and find proof that market participants incorporate carbon intensity in their valuation
processes of assets.
3. Methodological Framework
In a first step, we determine the influence of carbon intensity on daily stock returns
during the COVID-19 and post-COVID-19 period. For this purpose, we use cross-sectional
regressions following Equation (1).
ri= β0 + β1 carbon_inti+βk controlsi+
δ ind_fixed_effectsi+γ country_ fixed_effectsi+εi
(1)
where ri is the performance measure of stock i in the respective period, carbon_inti its
carbon intensity, and controlsi a vector of firm characteristics at their 2019 values including
size, debt, profitability, cash intensity, SGAE intensity, historical volatility, dividends, and
the book-to-market ratio. Previous studies demonstrate that these stock characteristics
influence firm performance. Daniel and Titman [41] find that size and the book-to-market
ratio explain variation in stock returns. The level of debt, profitability, and cash intensity
determine a firm’s financial health especially during crisis times (see, e.g., [23,24,26]). In
addition, we include SGAE intensity, historical volatility, and dividends to account for
further important firm characteristics (following [28]). By including these firm-specific
characteristics, we ensure that the return-influencing effect we attribute to carbon intensity
is not driven by other factors correlated with carbon intensity, i.e., we minimize the impact
of omitted variable bias in our study.
As performance measures, we use both the cumulative daily excess return and the
cumulative abnormal return over the respective period. We also include industry and
country fixed effects. In this way, we take into account that industries and countries were
impacted differently by the COVID-19 shock [14,42]. In addition, climate policies targeted
at the reduction of carbon emissions vary greatly among countries and have different
impacts on industries. For example, while the European Union takes over a leadership role
in the area of climate action, the USA relaxed environmental regulations under the Trump
administration rendering their climate action critically insufficient. (Climate Action Tracker
provides a comprehensive overview and analysis of climate action by country and sector:
https://climateactiontracker.org/ (accessed on 13 September 2021)). The inclusion of fixed
effects thus avoids that the coefficient of carbon intensity, β1, captures mere industry and
country effects.
Equation (1) serves as our baseline model. In subsequent analyses, we divide stocks
into carbon intensity quartiles and replace carbon_inti with dummies for the quartiles two
to four. The lowest quartile thus constitutes the reference group. This altered model allows
us to dissect the effects of carbon intensity in a more detailed way dependent on the level
of carbon intensity.
In a second step, we estimate the effect of carbon intensity on both the total and
idiosyncratic volatility of stocks in the crisis and post-crisis period. For this purpose, we
use a stock’s excess return volatility and its abnormal return volatility (as idiosyncratic
volatility) in the respective time period as dependent variables in Equation (1).
For the validity of our study, it is important that the influence of carbon intensity
significantly changed during the crisis or post-crisis period compared to the pre-crisis
period. Under this circumstance, we can conclude that investors incorporate carbon
intensity as a fundamental characteristic in their asset re-evaluations during shock periods
and beyond and attribute value-influencing traits to carbon emissions.
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To infer whether investors evaluate carbon intensity significantly differently during
extreme shock periods and pre- and post-shock times, we make use of a difference-in-
differences model following Lins et al. [26], Bouslah et al. [35], and Albuquerque et al. [28]:
ri,t= β1 treatedi × COVIDt+β2 treatedi × Post − COVIDt+
β3 treatedi+β4 COVIDt+β5 Post − COVIDt+βk controlsi+
δ ind_fixed_effectsi+γ country_ fixed_effectsi+εi
(2)
where ri,t is the daily excess return or abnormal return of stock i at time t, treatedi is a
dummy variable equal to one for stocks in the highest quartile measured by carbon intensity,
COVIDt a dummy variable equal to one for all days between February 24 and March 31, and
Post − COVIDt a dummy that identifies days between April 2020 and December 2020. The
regression is run based on observations from January 2020 to December 2020. Therefore,
we also capture a pre-crisis period with this setup. Furthermore, we include the same
control variables as in Equation (1) and industry and country fixed effects. Hence, our
results are not distorted by firm-specific, industry, or country effects. Standard errors are
clustered at the firm level.
Our main measures of interest are the coefficients of the interaction terms. The
coefficient β1 (β2) describes the additional return effect high emitters had to face explicitly
during the COVID-19 (post-COVID-19) period. If β1 (β2) is significantly different from zero,
we observe a significant difference between the pre-crisis and the COVID-19 period (post-
crisis period) for high emitters. β3 captures the return effect for high emitters compared to
low emitters in the pre-crisis period. β4 and β5 mirror performance impacts of the crisis
and post-crisis period, respectively. The total return effect for high emitters in the crisis
period amounts to β1+β3+β4, and for the post-crisis period to β2+β3+β5.
4. Key Characteristics of High Versus Low Emitters
We start with a simple comparison of key performance and risk indicators during the
COVID-19 and post-COVID-19 period for high and low emitters. By construction, average
carbon intensity levels are far higher for high emitters than low emitters (see Table 2).
During the crisis period, mean and median daily returns were significantly lower for high
emitters, whereas all volatility measures point to a higher riskiness of carbon-intensive
stocks. For example, the maximum drawdown amounted to 40.68% for high emitters in
contrast to 37.36% for low emitters. The value at risk (VaR) at a 95% confidence level was
1.86% significantly lower (i.e., riskier) for carbon-intensive stocks. With 99% confidence,
investors had to face an additional worst daily loss of 2.85% for high emitters.
In line with expectations, during the post-COVID-19 period, daily returns turned
positive and risk measures were only a fraction of those during the crisis period. For
example, the maximum drawdown values reduced to a tenth of those during the COVID-
19 period. This underlines the severity of the stock market crash during February and
March 2020. Levels of daily returns were comparable between the two groups, whereas risk
measures were higher for carbon-intensive stocks taking account of their higher climate
risk exposure. Solely the maximum drawdown displayed no significant differences.
In summary, we find significant differences in key return and risk indicators of high
versus low emitters. In the following, we analyze how far these differences arise due to
carbon intensity having entered the valuation process of market participants.
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Table 2. Comparison of key characteristics between high and low carbon emitters during and after the COVID-19 period.
COVID-19 Post-COVID-19
(1) (2) (3) (4)
High Emitters Low Emitters High Emitters Low Emitters
Carbon Intensity 0.7306 0.0369 0.7333 0.0371
(0.6937 ***) (0.6961 ***)
Mean Daily Return −0.0132 −0.0107 0.0033 0.0025
(−0.0025 ***) (0.0008 ***)
Median Daily Return −0.0146 −0.0128 0.0013 0.0012
(−0.0018 ***) (0.0001)
Volatility 0.0684 0.0571 0.0321 0.027
(0.0113 ***) (0.0051 ***)
VaR 25% −0.0509 −0.0426 −0.0147 −0.0128
(−0.0082 ***) (−0.0020 ***)
VaR 10% −0.0968 −0.0818 −0.0311 −0.0271
(−0.0150 ***) (−0.0039 ***)
VaR 5% −0.1188 −0.1001 −0.043 −0.0376
(−0.0186 ***) (−0.0054 ***)
VaR 1% −0.1619 −0.1334 −0.0769 −0.0662
(−0.0285 ***) (−0.0106 ***)
Maximum Drawdown 0.4068 0.3736 0.0428 0.0441
(0.0332 ***) (−0.0014)
Observations 811 2433 807 2423
This table provides a comparison of different key characteristics for high and low carbon emitters in the COVID-19 period and the
post-COVID-19 period return, volatility, VaR, and maximum drawdown measures are given in absolute values. Differences (high
emitters—low emitters) and their significance levels are displayed in parentheses. ***, **, and * indicate significance at the 1%, 5%, and
10% level, respectively.
5. The Interconnection between Carbon Intensity and Performance
Table 3 summarizes the results of our baseline model. During the COVID-19 period,
carbon intensity had a significant negative effect on both raw and abnormal cumulative
returns. To be more specific, an increase of one standard deviation in carbon intensity
(1.3581) decreased cumulative daily (abnormal) returns by 0.3667% (1.3581 × 0.0027) and
0.4482%, respectively. Hence, carbon intensity had a higher impact on stock-specific
abnormal returns compared to cumulative returns. Even though the return impacts appear
small in nature, we have to bear in mind that this effect relates only to 27 trading days
(the COVID-19 period). The annual return loss would amount to around 3.40% and 4.15%
for a one-standard-deviation increase in carbon intensity, which emphasizes its economic
significance. For this approximation, we break down the effect during the COVID-19
period on one day and subsequently scale it to 250 trading days.
Besides that, we can confirm results of previous studies that lower debt and higher
cash had a significant positive influence on returns during the pandemic period [24,28].
In addition, larger and more profitable firms achieved significantly higher performance
during COVID-19 (in line with [24,28]). High historical volatility impacted cumulative
returns negatively, but had a reverse effect on abnormal returns. This shows a stock’s high
dependence on systematic risk exposures.
After the exogenous shock, the significant impact of carbon intensity vanishes (columns (3)
and (4)). Our results point to the fact that investors facing a period of high uncertainty are
more aware of long-term risks and increase their stakes in potential safe-haven stocks. The
COVID-19 pandemic has proven that a highly improbable risk can suddenly materialize.
Climate risks, in contrast, are far from being improbable to occur—they will materialize
either in form of physical impacts or policy regulations. Thus, investors might have drawn
the conclusion to withdraw their funds from riskier and potential stranded assets driving
the performance of such assets downwards. In the recovery period, however, there was no
reversal or multiplier effect of carbon intensity on returns because investors had already
revised their stock valuations during the crisis period.
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Table 3. Influence of carbon intensity on financial performance during and after the COVID-19 period.
COVID-19 Post-COVID-19
(1) (2) (3) (4)
Return Abnormal Return Return Abnormal Return
Carbon Intensity −0.0027 *** −0.0033 ** −0.0039 −0.0032
(−2.85) (−2.51) (−0.81) (−0.67)
Size 0.0074 *** 0.030 *** 0.012 −0.043 ***
(3.57) (10.57) (1.53) (−6.30)
Debt −0.068 *** −0.063 *** 0.071 0.063
(−4.76) (−3.09) (1.21) (1.26)
Profitability 0.15 *** 0.19 *** −0.17 −0.40 ***
(5.99) (5.29) (−1.64) (−4.72)
Cash Intensity 0.15 *** 0.29 *** 0.057 −0.088
(4.53) (6.08) (0.41) (−0.74)
SGAE Intensity −0.0031 0.062 0.11 0.15 *
(−0.12) (1.64) (1.00) (1.73)
Historical Volatility −5.80 *** 1.52 ** 34.6 *** 7.57 ***
(−10.83) (2.01) (15.57) (4.07)
Dividends −0.0054 * −0.0020 −0.015 −0.0083
(−1.76) (−0.48) (−1.33) (−0.83)
BTM −0.0090 0.049 *** −0.0055 0.070 ***
(−1.46) (5.52) (−0.20) (2.95)
Industry fixed effects Yes Yes Yes Yes
Country fixed effects Yes Yes Yes Yes
Observations 2589 2589 2587 2587
Adjusted R2 0.4937 0.3329 0.3544 0.2689
This table provides the results of cross-sectional regressions for the COVID-19 period and the post-COVID-19 period. The dependent
variable is defined as the (abnormal) cumulative return during the respective period. All variables are as defined in Table 1. Industry and
country fixed effects are included in all specifications and heteroscedasticity-robust standard errors are estimated. T-statistics are provided
in parentheses. ***, **, and * indicate significance at the 1%, 5%, and 10% level, respectively.
In our second analysis of the relationship between carbon intensity and financial
performance, we dissect this effect further. We re-run our baseline model and replace the
carbon intensity measure with dummy variables indicating the quartile group of stocks
based on their carbon intensity. We exclude the dummy variable for quartile one, so that
all effects are estimated relative to our lowest-emitting group.
High emitters achieved a 2.8% lower cumulative return in the COVID-19 period com-
pared to low emitters (Table 4, column (1)). The return difference to low emitters decreases
the more similar stocks become with regard to their carbon intensity measure. Medium
emitters have a 1.9% lower return than low emitters, whereas there are no significant
differences between the two lowest emitting quartiles. We find an even more pronounced
pattern for abnormal cumulative returns (column (2)). High emitters lost a significant 3.6%
in abnormal returns compared to low-emitting stocks. This return difference diminishes to
1.9% for lower emitting stocks.
In the post-COVID-19 period, the effect reverses but is not statistically significant
anymore. Hence, during the calmer post-COVID-19 period, there was no significant
difference between the carbon groups. In other words, during the recovery phase, the level
of carbon intensity did not drive return patterns. This result reinforces our conclusions
drawn from Table 3. Overall, this analysis emphasizes that the higher the carbon intensity
of stocks, the higher their performance loss during the shock period.
Following Lins et al. [26] and Albuquerque et al. [28], we conduct a difference-in-
differences regression to investigate whether our return effect is uniquely found for the
COVID-19 period or common to most periods. Table 5 contains the results both for daily
excess and abnormal returns. The treated variable equals 1 for high emitters, i.e., stocks
with a carbon intensity in the highest quartile.
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Table 4. Influence of carbon intensity quartiles on financial performance during and after the COVID-19 period.
COVID-19 Post-COVID-19
(1) (2) (3) (4)
Return Abnormal Return Return Abnormal Return
High Emitter −0.028 *** −0.036 *** 0.045 0.045
(−3.18) (−2.84) (1.27) (1.48)
Medium Emitter −0.019 *** −0.022 ** 0.011 0.013
(−2.68) (−2.24) (0.40) (0.54)
Lower Emitter −0.0090 −0.019 ** −0.0055 0.015
(−1.29) (−2.01) (−0.21) (0.67)
Size 0.0080 *** 0.031 *** 0.011 −0.044 ***
(3.87) (10.89) (1.46) (−6.39)
Debt −0.063 *** −0.056 *** 0.065 0.058
(−4.37) (−2.77) (1.12) (1.16)
Profitability 0.15 *** 0.18 *** −0.16 −0.39 ***
(5.91) (5.26) (−1.57) (−4.68)
Cash Intensity 0.14 *** 0.27 *** 0.074 −0.073
(4.21) (5.86) (0.53) (−0.61)
SGAE Intensity −0.013 0.052 0.12 0.17 *
(−0.50) (1.34) (1.17) (1.86)
Historical Volatility −5.75 *** 1.59 ** 34.6 *** 7.54 ***
(−10.77) (2.12) (15.56) (4.05)
Dividends −0.0052 * −0.0017 −0.015 −0.0089
(−1.70) (−0.40) (−1.35) (−0.89)
BTM −0.0068 0.052 *** −0.0097 0.066 ***
(−1.10) (5.79) (−0.35) (2.79)
Industry fixed effects Yes Yes Yes Yes
Country fixed effects Yes Yes Yes Yes
Observations 2589 2589 2587 2587
Adjusted R2 0.4951 0.3342 0.3546 0.2690
This table provides the results of cross-sectional regressions for the COVID-19 period and the post-COVID-19 period. The dependent
variable is defined as the (abnormal) cumulative return during the respective period. We use dummy variables for carbon intensity quartiles.
Control variables are as defined in Table 1. Industry and country fixed effects are included in all specifications and heteroscedasticity-
robust standard errors are estimated. T-statistics are provided in parentheses. ***, **, and * indicate significance at the 1%, 5%, and
10% level, respectively.
Compared to the pre-COVID-19 period, stocks lost 0.96% in performance during
COVID-19. In contrast, returns in the post-COVID-19 period were higher by 0.31%. This
mirrors the fast recovery of the overall stock market during the course of the year 2020.
High emitters lost an additional 0.099% in return compared to low emitters in the pre-crisis
period. More importantly, high emitters had to forgo an additional 0.17% in performance
compared to low emitters in the COVID-19 period. This effect is statistically significant,
so that we conclude that high emitters had to suffer significantly more during the shock
period compared to the more stable pre-crisis period. In the post-COVID-19 period, in
contrast, high emitters gained an additional significant 0.15% compared to the pre-crisis
period. Hence, even the post-crisis period differed significantly from the pre-crisis period
in that carbon-intensive stocks recovered faster. In summary, the total return effect for high
emitters in the COVID-19 (post COVID-19) period amounted to −1.229% (0.361%), which
is significantly different to the pre-crisis period.
This reinforces our previous results that investors modified their valuations of carbon-
intensive stocks and valued them lower in times of high uncertainty. In the post-COVID-19
time, however, carbon-intensive stocks could recover more than low emitters. Higher
returns also speak for the fact that investors might demand a premium for holding carbon-
risky stocks as suggested by Bolton and Kacperczyk [7], for example.
In order to assess how far the relevance of carbon intensity for returns changed over
time, we plot the evolution of the coefficient of carbon intensity obtained in a recursive win-
dow regression with daily excess returns as dependent variable and the control variables of
Equation (1) as further independent variables (similar to Ramelli and Wagner [24]). For the
first estimation at the beginning of the year 2020, we use data for all trading days during
2019, and, for each further day, we add the additional day to our estimation window.
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Table 5. Difference-in-differences model results.
(1) (2)
Return Abnormal Return
High Emitter × COVID −0.0017 *** −0.0013 ***
(−4.46) (−3.03)
High Emitter × Post-COVID 0.0015 *** 0.0015 ***
(8.30) (8.50)
High Emitter −0.00099 *** −0.00098 ***
(−6.27) (−5.88)
COVID-19 −0.0096 *** -0.0023 ***
(−51.19) (−12.39)
Post-COVID-19 0.0031 *** 0.0015 ***
(40.46) (19.72)
Controls Yes Yes
Industry fixed effects Yes Yes
Country fixed effects Yes Yes
Observations 644,255 644,255
Adjusted R2 0.01789 0.003481
This table presents results of difference-in-differences regressions for daily excess and abnormal returns. High
emitter equals one for high carbon intensity firms in the last carbon intensity quartile and zero otherwise.
COVID-19 equals one from 24 February 2020 to 31 March 2020, and Post-COVID-19 equals one from 1 April
2020 to 31 December 2020. Control variables, industry, and country fixed effects are included in all specifications.
Standard errors are clustered at the firm level. T-statistics are provided in parentheses. *** indicates significance at
the 1% level.
We note that the coefficient remains negative throughout the year (see Figure 2).
However, sensitivities towards carbon intensity are especially pronounced in the COVID-
19 period. The relevance of carbon intensity thus intensified during the uncertain crisis
period confirming our previous results. In the post-COVID-19 period, the coefficient is
absolutely lower and less volatile but keeps its negative influence on returns.
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Figure 2. Evolution of the carbon intensity coefficient in the year 2020. This figure plots the daily carbon intensity coefficients
(in percent) from panel regressions from 1 January 2020 to 31 December 2020. The panel regressions include all control
variables from Table 3 and are estimated in a recursive window starting with all trading days of 2019 for the first estimation.
The vertical lines enclose the COVID-19 period.
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6. The Impact of Carbon Intensity on Risk
In the previous section, we found that investors re-evaluated especially carbon-
intensive stocks during the market downturn. Now, we focus on their risk profile during
and after the pandemic period. Table 6 repeats the cross-sectional regressions of Table 3
with volatility and idiosyncratic volatility as dependent variables. In columns (1) and
(2), we find that carbon intensity had no significant impact on stock risk during the crisis
period. Risk was rather driven by other fundamentals such as debt, profitability, SGAE
intensity, historical volatility, and dividends. The pattern changes in the post-COVID-19
period (columns (3) and (4)). Carbon intensity influenced stock volatility and idiosyncratic
volatility significantly positive. In more stable times, carbon intensity drives stock risk.
This is in line with the argumentation that carbon-intensive stocks face higher long-term
risks. Furthermore, in the aftermath of the first lockdown, discussions heightened on
whether to use economic stimulus packages to drive the long-term transition towards a
low-carbon economy [40,43]. Shan et al. [44] state that fiscal stimulus plans can either be
a threat to global climate change mitigation or a jumpstart to achieve emission targets.
For example, as of March 2021, the Energy Policy Tracker estimates that around 36% of
monetary commitments for the energy sector in G20 countries are targeted towards the
production and consumption of fossil fuels [45]. Investing in carbon-intensive assets in-
creases the risk of incurring more stranded assets in the future [43]. In either case—support
for carbon-intensive assets or green stimulus packages—carbon-intensive stocks have to
face higher climate risk exposures.
Table 6. Influence of carbon intensity on risk during and after the COVID-19 period.
COVID-19 Post-COVID-19
(1) (2) (3) (4)
Volatility Idio. Volatility Volatility Idio. Volatility
Carbon Intensity 0.000089 0.000062 0.00018 *** 0.00013 **
(0.70) (0.48) (2.74) (2.03)
Size 0.00014 −0.00076 *** −0.00068 *** −0.00092 ***
(0.56) (−3.11) (−5.90) (−8.36)
Debt 0.0077 *** 0.0089 *** 0.0032 *** 0.0033 ***
(4.41) (5.24) (4.03) (4.16)
Profitability −0.013 *** −0.011 *** −0.011 *** −0.0094 ***
(−4.31) (−3.72) (−7.64) (−7.10)
Cash Intensity −0.0081 ** −0.0055 −0.0020 −0.0014
(−2.06) (−1.45) (−1.07) (−0.75)
SGAE Intensity −0.0077 ** −0.0076 ** 0.0013 0.00090
(−2.35) (−2.40) (0.86) (0.62)
Historical Volatility 1.07 *** 1.25 *** 0.77 *** 0.77 ***
(17.72) (19.51) (25.81) (26.78)
Dividends −0.00079 ** −0.00058 * 0.000070 0.000023
(−2.26) (−1.68) (0.45) (0.15)
BTM −0.00080 −0.00087 0.00059 * 0.00035
(−1.13) (−1.22) (1.74) (1.09)
Industry fixed effects Yes Yes Yes Yes
Country fixed effects Yes Yes Yes Yes
Observations 2589 2589 2587 2587
Adjusted R2 0.6401 0.4917 0.5837 0.5704
This table provides the results of cross-sectional regressions for the COVID-19 period and the post-COVID-19 period. The dependent
variable is defined as the volatility of the (abnormal) returns during the respective period. All variables are as defined in Table 1. Industry
and country fixed effects are included in all specifications and heteroscedasticity-robust standard errors are estimated. T-statistics are
provided in parentheses. ***, **, and * indicate significance at the 1%, 5%, and 10% level, respectively.
For our last analysis, we repeat the regressions of Table 4 with risk measures as
dependent variables. When focusing on emitter groups, we find important differences
between high and low emitters (see Table 7). Returns of high emitters are significantly
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more volatile than low emitters irrespective of the time period in question. For example,
high emitters faced a 0.24% higher idiosyncratic volatility than low emitters during the
COVID-19 period (column (2)). In the post-COVID-19 period, this effect decreased to 0.18%
but remained significant. These results emphasize that extremely carbon-intensive stocks
have to suffer from higher risk exposures than low-carbon stocks. Even during the crisis
period, high emitters prove to be relatively riskier than their cleaner counterparts. This is
in line with our argumentation that high emitters face high climate risks due to stranded
assets and climate policy uncertainty.
Table 7. Influence of carbon intensity quartiles on risk during and after the COVID-19 period.
COVID-19 Post-COVID-19
(1) (2) (3) (4)
Volatility Idio. Volatility Volatility Idio. Volatility
High Emitter 0.0017 * 0.0024 ** 0.0018 *** 0.0018 ***
(1.69) (2.27) (3.50) (3.80)
Medium Emitter −0.00013 0.00056 0.00075 * 0.00077 **
(−0.15) (0.66) (1.91) (2.05)
Lower Emitter −0.00092 −0.00044 0.00032 0.00050
(−1.14) (−0.55) (0.86) (1.41)
Size 0.000089 −0.00081 *** −0.00073 *** −0.00096 ***
(0.37) (−3.33) (−6.31) (−8.80)
Debt 0.0075 *** 0.0085 *** 0.0029 *** 0.0030 ***
(4.26) (5.02) (3.65) (3.79)
Profitability −0.013 *** −0.011 *** −0.011 *** −0.0094 ***
(−4.25) (−3.63) (−7.57) (−7.03)
Cash Intensity −0.0076 * −0.0047 −0.0015 −0.00079
(−1.92) (−1.23) (−0.78) (−0.44)
SGAE Intensity −0.0071 ** −0.0067 ** 0.0019 0.0015
(−2.15) (−2.11) (1.23) (1.00)
Historical Volatility 1.07 *** 1.24 *** 0.76 *** 0.77 ***
(17.66) (19.43) (25.73) (26.72)
Dividends −0.00079 ** −0.00059 * 0.000061 0.0000093
(−2.26) (−1.69) (0.39) (0.06)
BTM −0.00100 −0.0011 0.00044 0.00020
(−1.39) (−1.53) (1.29) (0.60)
Industry fixed effects Yes Yes Yes Yes
Country fixed effects Yes Yes Yes Yes
Observations 2589 2589 2587 2587
Adjusted R2 0.6411 0.4934 0.5852 0.5725
This table provides the results of cross-sectional regressions for the COVID-19 period and the post-COVID-19 period. The dependent
variable is defined as the volatility of the (abnormal) returns during the respective period. We use dummy variables for carbon in-
tensity quartiles. Control variables are as defined in Table 1. Industry and country fixed effects are included in all specifications and
heteroscedasticity-robust standard errors are estimated. T-statistics are provided in parentheses. ***, **, and * indicate significance at the 1%,
5%, and 10% level, respectively.
7. Robustness Tests
To ensure the validity of our results, we conducted several robustness tests. All results
are available upon request from the authors. First, we enlarged the COVID-19 period and
focused on the first quarter of 2020 as a crisis period. Thus, we take into consideration that
the COVID-19 pandemic already started to spread as early as January 2020. In fact, the
World Health Organization was first informed of cases of pneumonia of unknown cause
in China on 31 December 2019 [46]. From this date on, events accelerated justifying the
definition of a larger crisis period. The results for the first quarter 2020 are comparable to
our more focused COVID-19 period.
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Second, we conducted the cross-sectional regressions of Equation (1) without fixed
effects. For the difference-in-differences specification, we replaced the control variables for
firm characteristics with firm fixed effects. All results remained stable.
Last, instead of relying on carbon intensity, we conducted all analyses based on
absolute carbon emissions. Bolton and Kacperczyk [7] discover that the carbon premium
is related to absolute emissions levels but not to carbon intensity. They justify their
finding with the explanation that climate regulations target activities with high emissions
levels. Taking absolute carbon emissions levels as our variable of interest does not alter
our findings.
8. Conclusions
In recent years, climate risks have materialized as investment risks for financial
assets [4]. Financial market participants are thus expected to incorporate this impending
risk source in their stock valuation processes. We use the downturn of the stock market
during the COVID-19 period in early 2020 as an exogenous shock to assess how far market
participants incorporated carbon intensity (as measure for climate risk exposure) in their
re-evaluation considerations of stocks during and after the crisis period or if they rather lost
sight of the rising sustainable investment movement. The COVID-19 period constituted a
time of heightened uncertainty and fear leading investors to re-evaluate their assets and
preferences. It thus provides an opportunity to measure the impact of carbon intensity
on stock returns and risk while holding carbon intensity levels constant. Furthermore,
we analyze the subsequent recovery period to infer to what extent carbon intensity has
established itself as a fundamental stock characteristic in stock analysis.
In the first descriptive analysis, high-emitting stocks had lower returns and higher risk
measures during the COVID-19 period. In cross-sectional regressions, we found that carbon
intensity had a significantly negative impact on returns and abnormal returns during the
crisis period. This effect was more pronounced the higher the carbon intensity level was.
Furthermore, carbon-intensive stocks gained significantly more in the post-COVID-19
recovery period compared to the precrisis period. Hence, they could make up for their
additional losses incurred during the crisis period compared to low-emitting stocks.
Focusing on the risk perspective, carbon intensity did not have a significant effect
in the COVID-19 period. Risk was rather driven by other firm characteristics such as
debt and profitability. However, high emitters were still significantly riskier than low
emitters. For the post-crisis period, the relationship between carbon intensity and risk
turned significantly positive. Discussions on green economic stimulus packages and long-
term risk exposures to stranded assets might have reinforced the riskiness of carbon-based
assets. Higher risk and higher returns in the recovery period are also in line with the
discussion on the existence of a carbon premium in stock markets [7]. Additionally, our
findings complement the insights of environmental and social studies [28] as well as
conclusions from financial-economic studies of the impact of COVID-19 on firm valuation
(e.g., [11,24]).
Our results clearly show that market participants incorporate carbon intensity in their
stock valuation considerations. More importantly, our results point to the assumption
that high emitters are perceived as riskier and thus are more prone to being shunned by
investors especially during times of high economic and societal uncertainty.
Our study faces two limitations. On the one hand, the data availability of carbon
emissions is still insufficient and only to a certain extent consistent and reliable across
databases (e.g., [47,48]). Furthermore, we make general global and cross-sectoral statements
that may be even more pronounced and relevant in individual countries and industries.
Future research can take this as a starting point and show the different influences of
carbon risk and COVID-19 with the help of event studies and industry-specific assessment
models. First indications of significant sectoral differences can be found in [40], for example.
Further research questions arise from the separate inclusion of carbon pricing regimes as
a possible amplifying driver of carbon risks. In addition, new analyses may also include
Sustainability 2021, 13, 12182 15 of 17
further sector-specific analyses taking into account materiality (e.g., SASB materiality map)
and the requirements of climate-related initiatives, e.g., EU taxonomy for sustainable
activities as their core assessment criteria. The EU taxonomy also explicitly addresses the
riskiness of non-sustainable activities: “The current COVID-19 pandemic has reinforced
the need to redirect money towards sustainable projects in order to make our economies,
businesses and societies—in particular health systems, more resilient against climate and
environmental shocks” [49].
With our study, we reinforce the need to account for climate risks in investment
decisions. Their integral assessment allows more profound risk management strategies,
more accurate stock analyses with more precise forecasts and stock recommendations, and
thus might impede huge losses in unforeseen crisis periods. With the COVID-19 pandemic,
we had to learn that improbable risks can materialize quickly and have huge impacts on
our portfolios. Hedging highly probable climate risks thus can turn out as a winning
strategy to avoid a rude awakening in the future.
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